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Abstract 
Rolling contact fatigue initiation life of 1070 steel was predicted by the FE method with an advanced cyclic 
stress–strain plasticity model and a general multiaxial fatigue criterion. The 2D repeated rolling contact processes 
were carried out by translating the normal pressure and the tangential traction across the contact surface step by step. 
The normal pressure and the tangential traction were applied to the nodes through the time-dependant amplitude 
functions as the concentrated nodal forces. With the detailed stress-strain responses outputted from the FE analysis 
after 20 rolling passes, the multiaxial fatigue criterion was used in the prediction of the initiation life. Several cases 
were simulated in this work. The kp0  ratio ranges from 6.0, 7.0 to 8.0, where 0p the maximum Hertzian pressure, 
k  is the yield stress in shear of the material. Comparing these cases, the initiation life was reduced with the increase 
of the kp0  ratio, and crack initiation tends to subsurface. 
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1. Introduction 
Rolling contact fatigue (RCF) is a severe issue for many engineering applications. Special attention is 
paid to fatigue life prediction of rail-like structures subjected to moving contact loads. In the past few 
decades, many models [1] to predict the RCF lives were proposed, with repeated attempts done by a 
significant number of investigators. Elastic-plastic FEA proposed by Jiang and Sehitoglu [2] include 
effects of ratcheting under RCF. In the present work, a model combined of Elastic-plastic FEA and a 
multiaxial fatigue damage criterion was used to compute the initiation life for line contacts. The advantage 
of this model is that it predicts correct trends of material ratcheting rate and non-proportional loading 
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response. For life prediction, a new combined ratcheting-multiaxial fatigue damage model was presented. 
The damage at different depths below the surface was interrogated with this model to determine the 
location where failure will originate and the direction where the crack will propagate.  
The concentration of this paper is to investigate the effect of the kp0  ratio (where 0p the maximum 
Hertzian pressure, k  is the yield stress in shear of the material) on the initiation life, initiation location 
and crack growth direction respectively. 
2. Numerical modeling 
2.1. Finite element model 
For 2D line rolling contact, plane strain condition is assumed. The roller is treated as a semi-infinite 
body. In the FE calculations, only a limited rolling distance can be simulated. It was considered that the 
stress and strain responses in the middle section Oy  (see in Fig. 1) were representative and accurate for 
the rolling element simulated. The model is symmetrical with y  axial. The finite element mesh for the 
current investigation of partial slip line rolling contact is shown in Fig. 1. The mesh was very fine in the 
vicinity of the global origin and it became coarser away from it. The finest mesh sizes used were a083.0
in the x -direction and a028.0  in the y -direction (refer to Fig. 1 for the coordinate system). It’s a 
suitable range (0.046mm to 0.092mm) for smallest x -direction mesh size [3]. It’s an improvement on 
the previous work. And x -direction is consistent with the rolling direction. There were a total of 4304 
eight-node quadratic plane-strain elements. 104 plane-strain infinite elements were used to simulate the 
semi-infinite plane. The use of the infinite elements greatly facilitated the rolling contact analysis.  
The repeated rolling process was simulated with the translation of the normal pressure and the 
tangential traction across the contact surface in the FE mesh. The normal contact pressure  xp  was 
assumed to follow the Hertzian distribution,  
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where 0p  is the maximum Hertzian pressure and a  is the half-width of elliptical contact area. The 
tangential force  xq  follows the Carter distribution, and is proportional to 0p ,
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Fig. 1. Finite element mesh model 
3002  Lijuan Lu et al. / Procedia Engineering 10 (2011) 3000–3005
where f  is the friction coefficient, c  denotes the half-width of the stick area and cad  . A 
positive sign represents a driving rolling element and a negative one is for a driven element. A partial slip 
coefficient, fPQ [ , was defined, where P  is the total normal load and Q  is the total tangential 
force. And the pure slipping with respect to 1r [ .
2.2. Cyclic plasticity model and selection of parameters 
A cyclic plasticity model developed by Jiang and Sehitoglu [4] was used in the FE simulations of 1070 
steel for the partial slip rolling contact. The advanced cyclic plasticity model was implemented into a 
finite element code via the material subroutine. Then elastoplastic cyclic stress-strain fields were 
calculated by FEM. After the detailed stress-strain responses for the material points in the component 
were obtained, crack initiation and crack growth direction can be determined using a fatigue damage 
model. The fatigue criterion was developed by Jiang [5] with the following form 
 dYdD fmmr VVVV  110 (3)
and
pp dbdbdY JWHV
2
1 (4)
where, mrV is a material parameter considering loading history, 0V  is the fatigue ultimate strength, 
fV is the true fracture stress. V and
pH denote the normal stress and Green plastic strain increment 
on critical plane respectively. W and pJ denote the shear stress and engineering plastic strain, b  and 
m are material constants, Y  is the plastic strain energy density on the critical plane, and D  is the 
fatigue damage. For 1070 steel: 37.0 b , 9.0 m , MPa1500 fV ,
-3
0 mMJ5189  D  and 
MPa3000  V . The material constants used in the plasticity model of 1070 steel were given in the 
literature [6]. 
2.3. Calculations of fatigue initial life and crack growth direction 
With the detailed stress-strain response outputted from the FE analysis, the damage of points induced 
by a loading cycle can be obtained by equations (5). The fatigue initial crack life is 
D
DN f '
 0 (5)
where D' denotes the damage increment of every cyclic loading, fN denotes the initiation fatigue 
crack life. 
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Fig. 2. Definition of direction of critical plane for 2D model 
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As Fig. 2 showed, to simplify the explanation, the orientation of a plane is represented by an angle, T ,
the angle made by the normal of the material plane and the x direction. For 2D model, after the angle T
of initiation point was known, the crack growth direction was got. 
3. Results
Several cases were simulated to find the influence of kp0  ratio to RCF. Normalized quantities are 
used in the results. The length is normalized in terms of the half contact width, a , the stresses are 
normalized by the yield stress in shear, k , the shear strain is normalized by Gk , where G  is the shear 
elasticity modulus. 
3.1. Residual stresses and strains 
Fig. 3 shows the normalized residual stress   krxV  in the x -direction with different kp0  ratios 
under two slip conditions after 20 rolling passes. From Fig. 3 we can find   krxV increases with 
increasing of kp0  ratio from 6.0 to 8.0. On a thin layer near the contact surface with a thickness of 
approximately a2.0 , the influence of kp0  ratio is very slight for driven rolling element ( 0PQ ).
For driving rolling element ( 0!PQ ), the influence of kp0  ratio is a little bigger. 
Fig. 4 shows the normalized residual stress   krzV  in the z -direction versus normalized depth. It is 
clear that   krzV increases with increasing of kp0  ratio. And the influence of maximum Hertzian 
pressure is almost the same for both driven and driving elements. 
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Fig. 3. Residual stresses in the x -direction for all cases investigated 
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Fig. 4. Residual stresses in the z -direction for all cases investigated 
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Fig. 5. Residual shear strains for all cases investigated 
Fig. 5 shows the residual shear strains, after 20 rolling passes, which exhibit the influence of kp0
ratio on deformation. From Fig. 5 it can be found the residual shear strain increases with increasing of 
kp0  value. For driven rolling element, the residual shear strain is compressive, but tensile for driving 
element. We can find the influence of kp0  ratio to driven element is bigger than which to driving 
element. 
3.2. Initiation life, initiation location and crack growth direction 
With the detailed elastic-plastic stress-strain responses outputted from the FE analysis, the fatigue 
initiation life was predicted by using the multiaxial fatigue criterion as given in equations (3-4). From the 
results of the table 1, it can be found that the initiation life sharply decrease with increasing of kp0
value. And the life decrease of driving element is a little bigger than driven element for both full slip 
condition ( 1r [ ) and partial slip condition ( 31r [ ).
Initiation locations of each loading case have been listed detailed in Table 2. Under full slip condition, 
crack initiations occur subsurface, and initiations occur contact surface under partial slip condition. Under 
full slip condition, we can find initiation locations of driven rolling element are a little deeper than driving 
element. When kp0  increases from 6.0 to 7.0, the initiation locations are always the same for both 
driven and driving rolling elements. For driven rolling element, when kp0  increases from 7.0 to 8.0, 
the initiation location becomes deeper. Under partial slip condition, initiation locations keep the same 
with increasing of kp0  ratio. 
Influence of kp0  value on crack growth direction is listed in Table 3. Under full slip condition, the 
angle of T  becomes shallow with increasing of kp0  ratio for driven element. But for driving element, 
T  becomes big when kp0  increases from 6.0 to 8.0. It means the critical plane moved in a counter 
clockwise direction with increasing of kp0  ratio. Besides, under partial slip condition, the critical 
plane moved in a clockwise direction with increasing of kp0  ratio. 
Table 1. Initiation life fN  cycle  for the cases: 2.0r PQ
[
kp0
1 1 3
1

3
1
0.6
0.7
0.8
418658 
107294 
45525 
1484039 
150283 
59042 
123273 
53510 
36556 
123815 
49655 
33237 
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Table 2. Initiation location ay  for the case: 2.0r PQ
[
kp0
1 1 3
1

3
1
0.6
0.7
0.8
-0.44 
-0.44 
-0.51 
-0.40 
-0.40 
-0.40 
-0.012 
-0.012 
-0.012 
-0.012 
-0.012 
-0.012 
Table 3. Crack growth direction T  (°) for the case: 2.0r PQ
[
kp0
1 1 3
1

3
1
0.6
0.7
0.8
-21 
-19 
-13 
2
3
6
-50 
-56 
-58 
57
55
52
4. Conclusions 
Rolling contact fatigue initiation life was influenced by kp0  ratio dramatically. For the result of the 
residual stresses and shear strains increase with increasing of kp0  ratio, the fatigue crack initiation life 
sharply decreases. And the life decrease of driving rolling element is more than which of driven element. 
Under full slip condition ( 1r [ ), the material critical planes moved in a counter clockwise direction 
with increasing of kp0  ratio, and crack growth directions tend to be flat compared with partial slip 
condition ( 31r [ ). Under partial slip condition, the critical plane changed in a clockwise direction 
with increasing of kp0  ratio. When kp0  ratio increases from 6.0 to 8.0, there is little influence to 
initiation location. 
Acknowledgements 
The research work was supported by the National Natural Science Foundation of China (50975260) 
and the Natural Science Foundation of Zhejiang Province of China (Z1091027). 
Reference 
[1] Sadeghi F, Jalalahmadi B, Slack TS, Raje N, Arakere NK. A Review of Rolling Contact Fatigue. J Tribol-Trans ASME, 2009; 
131(4), pp 15. 
[2] Jiang, Y and Sehitoglu, H. A Model for Rolling Contact Failure, Wear, 1999; 224, pp. 38–49. 
[3] Jiang, Y and Feng, M. Modeling of Fatigue Crack Propagation. ASME Journal of Engineering Materials and Technology,
2004; Vol.126, pp.77-86. 
[4] Jiang Y Y, Sehitoglu H. Modeling of cyclic ratchetting plasticity: part I - Development of constitutive equations. ASME 
Journal Applied Mechanics, 1996; 63, pp. 720-725. 
[5] Jiang Y Y. A fatigue criterion for general multiaxial loading. Fatigue and Fracture Engineering Material Structure, 2000; 23, 
pp. 19-32. 
[6] Xu B Q, Jiang Y Y. Elastic-plastic finite element analysis of partial slip rolling contact. ASME Journal of Tribology, 2002; 
124, pp. 20-26. 
